The T-Line® system (Tensys® Medical Inc., San Diego, CA, USA) non-invasively estimates cardiac output (CO) using autocalibrating pulse contour analysis of the radial artery applanation tonometry-derived arterial waveform. We compared T-Line CO measurements (TL-CO) with invasively obtained CO measurements using transpulmonary thermodilution (TD-CO) and calibrated pulse contour analysis (PC-CO) in patients after major gastrointestinal surgery. We compared 1) TL-CO versus TD-CO and 2) TL-CO versus PC-CO in 27 patients treated in the intensive care unit (ICU) after major gastrointestinal surgery. For the assessment of TD-CO and PC-CO we used the PiCCO® system (Pulsion Medical Systems SE, Feldkirchen, Germany). Per patient, we compared two sets of TD-CO and 30 minutes of PC-CO measurements with the simultaneously recorded TL-CO values using Bland-Altman analysis. The mean of differences (± standard deviation; 95% limits of agreement) between TL-CO and TD-CO was -0.8 (±1.6; -4.0 to +2.3) l/minute with a percentage error of 45%. For TL-CO versus PC-CO, we observed a mean of differences of -0.4 (±1.5; -3.4 to +2.5) l/minute with a percentage error of 43%. In ICU patients after major gastrointestinal surgery, continuous non-invasive CO measurement based on autocalibrating pulse contour analysis of the radial artery applanation tonometry-derived arterial waveform (TL-CO) is feasible in a clinical study setting. However, the agreement of TL-CO with TD-CO and PC-CO observed in our study indicates that further improvements are needed before the technology can be recommended for clinical use in these patients.
In the perioperative setting, goal-directed haemodynamic therapy aiming at an optimisation of bloodflow has been demonstrated to have beneficial effects on short-term and long-term patient outcome in small studies and metaanalyses [1] [2] [3] . In this context, a recent large randomised controlled trial showed no benefit of goal-directed haemodynamic therapy with regard to the primary endpoint (a composite of predefined 30-day moderate or major complications and mortality), however, a meta-analysis embedded at the end of the trial suggests that cardiac output (CO)-guided haemodynamic therapy improves clinical outcome in terms of a reduction in complication rates in high-risk patients undergoing major gastrointestinal surgery 4 .
Besides invasive methods for CO assessment (pulmonary artery thermodilution, transpulmonary thermodilution, calibrated pulse contour analysis) 5 a variety of different minimally invasive and completely non-invasive methods exist for the perioperative estimation of CO [6] [7] [8] [9] [10] [11] [12] .
One novel technology allowing for continuous estimation of CO is the T-Line® system (Tensys® Medical Inc., San Diego, CA, USA). The T-Line system uses the principle of radial artery applanation tonometry for the real-time recording of the arterial waveform in a non-invasive manner [13] [14] [15] [16] [17] [18] [19] . Using an algorithm for autocalibrating pulse contour analysis of this radial artery applanation tonometry-derived arterial waveform, the system estimates CO 20 .
Non-invasive technologies for CO estimation in the future might allow applying CO-based treatment algorithms to a larger number of patients without the risks of monitoring-related complications. However, before the effect of goaldirected treatment algorithms based on haemodynamic variables obtained by non-invasive technologies on patient outcome can be evaluated in clinical studies, these technologies must be carefully evaluated and validated with regard to their clinical applicability and measurement performance [21] [22] .
Therefore, we aimed to compare CO measurements obtained with the T-Line technology (TL-CO) with invasively obtained CO measurements using transpulmonary thermodilution (TD-CO) and calibrated pulse contour analysis (PC-CO) in patients after major gastrointestinal surgery.
Materials and methods

Study design, setting, and patients
After approval by the institutional review board (Ethikkommission der Ärztekammer Hamburg; project number PV4609), we conducted this prospective method comparison study over a period of eight months in patients treated in the intensive care unit (ICU) of our university hospital (University Medical Centre Hamburg-Eppendorf, Germany) after major gastrointestinal surgery. Written informed consent was obtained from all patients prior to study enrolment.
Adult patients treated in the ICU after major gastrointestinal surgery in whom advanced invasive haemodynamic monitoring with transpulmonary thermodilution and calibrated pulse contour analysis was used for clinical reasons unrelated to the study were eligible for inclusion in the study. Exclusion criteria were age <18 years, actual body weight <40 kg or >180 kg, height <137 cm or >198 cm, nonpalpable radial pulse, presence of an arteriovenous shunt, and anatomical abnormalities of the study limb making radial artery applanation tonometry measurements impossible.
TL-CO study measurements
We used the T-Line 400 monitor for TL-CO determination. As described previously 19, 20, 23 the bracelet holding the system's pressure sensor was placed on the wrist, connected to the T-Line 400 monitor, and the patient's basic demographic and biometric data (age, gender, height, weight) were entered. The electromechanical system integrated in the bracelet moves the sensor over the radial artery in order to obtain the optimal arterial pressure signal 19, 20, 23 . We used the system's level function to adjust for the hydrostatic gradient between the study limb and the patient's heart.
Using a proprietary algorithm, the T-Line system derives TL-CO by using autocalibrating pulse contour analysis of the radial artery applanation tonometry-derived arterial waveform.
TD-CO and PC-CO study measurements
For the assessment of TD-CO and PC-CO we used the PiCCO® system (Pulsion Medical Systems SE, Feldkirchen, Germany). We determined TD-CO at two different timepoints: T0 (at the beginning of the study measurements) and T1 (30 minutes after the TD-CO measurements at T0). We assessed TD-CO based on the principle of single-indicator transpulmonary thermodilution using a PiCCO-2 monitor as previously described in detail 24, 25 . After injecting 20 ml of iced normal saline 0.9% in the central venous circulation via a central venous catheter placed in the superior vena cava, the subsequent change in blood temperature was registered using a thermistor placed at the tip of a dedicated arterial catheter (Pulsiocath® PV2015L20; Pulsion Medical Systems SE, Feldkirchen, Germany) placed in the abdominal aorta through the femoral artery. Applying a modified Stewart-Hamilton formula, the PiCCO system computes TD-CO after analysis of the thermodilution curve. TD-CO measurements were performed in triplicate, i.e. each TD-CO value at T0 and T1 represents the mean of three single transpulmonary thermodilution measurements that were performed in direct succession. Accordingly, we recorded TL-CO values simultaneously with each transpulmonary thermodilution bolus injection and also averaged the three values. The TD-CO values assessed at T0 were used to calibrate the PiCCO-derived PC-CO. In the 30 minutes between T0 and T1 we recorded PC-CO and the simultaneous TL-CO values every three minutes. The recording of the simultaneously measured TD-CO, PC-CO, and TL-CO values was performed using screenshots.
Statistical analysis
All statistical analyses were performed using Excel (Microsoft, Redmond, WA, USA), IBM SPSS Statistics 22 (SPSS Inc., Chicago, IL, USA), and the statistical software package R Version 3.1.1 (R Core Team (2014). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria).
To describe the patients' characteristics, we present absolute numbers and relative frequencies in percent or the median and 25% to 75% percentile range.
We calculated the mean (± standard deviation) of TL-CO, TD-CO, and PC-CO. In addition, we performed Bland-Altman analysis accounting for multiple observations per individual 26 . Based on this analysis we present the mean of the differences, the standard deviation, the 95% limits of agreement (= mean of the differences ± 1.96 x standard deviation), and the percentage error as proposed by Critchley and Critchley 27 between TL-CO and TD-CO and between TL-CO and PC-CO.
Results
Patients
Thirty-three patients were enrolled in the study. However, six patients were not included in the final statistical analysis. While the T-Line system was not able to obtain a valid arterial pressure signal in three patients, in two patients the arterial pressure signal obtained with the femoral arterial catheter was disturbed. In addition, we excluded one patient because of atrial flutter during the study measurements. Therefore, we finally analysed CO measurements of 27 patients. In all 27 patients, the obtained non-invasive signal was stable during the complete period of study measurements. In Table  1 , we describe the patients' basic demographic and clinical characteristics and the type of gastrointestinal surgery.
Mean values of TL-CO, TD-CO, and PC-CO
The mean (± standard deviation) of TL-CO, TD-CO, and Data are presented as the median and interquartile ranges (25% to 75% percentile) or as absolute frequencies with percentages.
PC-CO was 6.7 (±2.0) l/minute, 7.5 (±2.2) l/minute, and 7.1 (±2.3) l/minute, respectively.
TL-CO versus TD-CO
We compared 54 TL-CO and simultaneously recorded TD-CO values. According to Bland-Altman analysis, the mean of the differences between TL-CO and TD-CO was -0.8 l/minute with a standard deviation of ±1.6 l/minute resulting in 95% limits of agreement of -4.0 to +2.3 l/minute (Figure 1 ). The percentage error was 45%.
TL-CO versus PC-CO
To compare TL-CO and PC-CO we performed Bland-Altman analysis including 297 pairs of CO measurements. We observed a mean of the differences between TL-CO and PC-CO of -0.4 l/minute with a standard deviation of ±1.5 l/minute and 95% limits of agreement of -3.4 to +2.5 l/minute ( Figure 2 ). The percentage error was 43%.
Discussion
This study demonstrates that continuous non-invasive CO measurement based on autocalibrating pulse contour analysis of the radial artery applanation tonometry-derived arterial waveform (TL-CO) is feasible in ICU patients after major gastrointestinal surgery in a clinical study setting. However, the agreement of TL-CO with TD-CO and PC-CO observed in our study indicates that further improvements are needed before the technology can be recommended for clinical routine use in these patients.
There are two previous studies on TL-CO measurements in comparison with an invasive reference technology in patient collectives different to the one investigated in the present study. First, in a proof of concept pilot analysis in a highly selected medical ICU patient collective, TL-CO was compared with transpulmonary thermodilution-calibrated pulse contour analysis 20 . In a prospective clinical study, TL-CO was compared with CO measurements by intermittent pulmonary artery thermodilution in patients after cardiothoracic surgery 28 . In the latter study, the T-Line system was able to provide CO with high accuracy and precision compared with intermittent pulmonary artery thermodilution and reliably tracked CO changes 28 . Compared with these previous reports, in the present study, we observed a higher mean of differences and wider 95% limits of agreement for both the comparison between TL-CO with TD-CO and TL-CO and PC-CO. These findings might in part be explainable by the patient selection for the present study investigating TL-CO in patients after major gastrointestinal surgery. A substantial proportion of patients in the present study were treated in the ICU after liver transplantation. In these patients, marked alterations in cardiovascular dynamics can frequently be found. This underlines that it is pivotal to identify suitable patient groups and clinical scenarios for the sensible use of novel non-invasive CO monitoring technologies 22 .
Further studies in different patient populations under different cardiovascular conditions are therefore needed to better understand the impact of different levels of vasomotor tone and changes in vasomotor tone on the measurement performance of this radial artery applanation tonometry-based pulse contour analysis algorithm. For pulse contour analysis using an invasively assessed arterial pressure signal it has been repeatedly demonstrated that changes in vasomotor tone decrease the reliability of CO measurements [29] [30] [31] .
We observed a percentage error of 45% and 43% for the comparison between TL-CO versus TD-CO and between TL-CO versus PC-CO, respectively. These percentage errors between the autocalibrating pulse contour analysis based on the non-invasively assessed arterial pressure waveform and the respective reference technology are higher than the cutoff value of 28.3% (usually rounded up to 30%) that has been previously suggested to define acceptable agreement by Critchley and Critchley 27 . However, the 30% percentage error cut-off value has been questioned in the past 32 . In addition, to apply the 30% percentage error cut-off value several prerequisites must be fulfilled, including the determination of the precision of method of the studied technology and the reference technology 12, 33, 34 . Meeting these requirements and assessing the precision of method in clinical CO method comparison studies is far from being trivial 12, 33, 35 . Bearing the burgeoning array of less-and non-invasive technologies for CO assessment in mind, we need to define clinically acceptable agreement between CO monitoring technologies considering the target patient population and clinical setting 21, 22, 33 .
It is important to emphasise that we conducted this validation study under standardised clinical study conditions and the same two investigators (JYW and ML) performed all study measurements. Under daily clinical ICU conditions the feasibility of TL-CO measurements might be limited by the fact that the T-Line technology is very sensitive to movement artefacts. Further technical developments are needed to improve the system's clinical applicability. This is highlighted by the fact that we had to exclude a considerable number of study patients because of the impossibility of obtaining a valid non-invasive arterial signal with the T-Line system.
We would like to mention further limitations of our study. The relatively small number of patients and the fact that this was a single centre study limits the generalisability of our findings. Further, the study observations relate to only one clinical timepoint during the entire time of the ICU stay and are limited to 30 minutes of study measurements which makes an evaluation of the T-Line system's reliability for monitoring throughout an entire ICU stay difficult. In addition, we deliberately chose to study only ICU patients after major gastrointestinal surgery. Therefore, we cannot transfer our results to other surgical patients (e.g. cardiothoracic surgery, low-risk surgery) or to medical or neurological ICU patients. In addition, patients in this study were haemodynamically stable during study measurements. We, therefore, could not perform trending analyses using e.g. 4-quadrant plots, because the changes in CO values were small and would have been excluded from the analysis when applying a sensible exclusion zone 36 .
Conclusions
Based on this clinical study comparing continuous noninvasive CO measurements based on autocalibrating pulse contour analysis of the radial artery applanation tonometryderived arterial waveform (TL-CO) with TD-CO and PC-CO in ICU patients after major gastrointestinal surgery, we conclude that the agreement of TL-CO with TD-CO and PC-CO and the inability to obtain a stable and valid non-invasive arterial signal in a considerable proportion of patients indicate that further improvements are needed before the technology can be recommended for routine clinical use in these patients.
